Background: Current treatment of osteosarcoma is limited in part by side effects and low tolerability, problems generally avoided with traditional Chinese medicine. Ganoderma lucidum, a traditional Chinese medicine with antitumor effects, offers a potential alternative, but little is known about its molecular mechanisms in osteosarcoma cells. Objective: To investigate the effect of G lucidum on osteosarcoma cells and its mechanism. Methods: Osteosarcoma MG63 and U2-OS cells were treated with G lucidum, followed by assays for cell proliferation (Cell Counting Kit-8), colony formation, and apoptosis (Alexa Fluor 647-Annexin V/propidium iodide, flow cytometry). Migration and invasion of cells were assessed by wound healing and Transwell invasion assays, and the effect of G lucidum on Wnt/β-catenin signal transduction was studied by real-time quantitative polymerase chain reaction, western blot, and dual-luciferase assay. Results: G lucidum inhibited the proliferation, migration, and invasion, and induced apoptosis of human osteosarcoma MG63 and U2-OS cells. Dual-luciferase assay showed that G lucidum suppressed the transcriptional activity of T-cell factor/lymphocyte enhancer factor in the Wnt/β-catenin signaling pathway. Moreover, G lucidum blocked Wnt/β-catenin signaling by inhibiting the Wnt co-receptor LRP5 and Wnt-related target genes, such as β-catenin, cyclin D1, C-Myc, MMP-2, and MMP-9. At the same time, when Wnt/β-catenin was inhibited, the expression of E-cadherin was upregulated. Conclusions: Our results suggest that G lucidum broadly suppresses osteosarcoma cell growth by inhibiting Wnt/β-catenin signaling.
Introduction
Osteosarcoma is the most common primary malignant bone tumor, and it is a solid tumor mainly derived from osteoblast progenitor cells, whose cumulative mutations lead to malignant proliferation. 1, 2 Osteosarcoma occurs mainly in rapidly growing epiphyseal regions, with the highest incidence being found in children and adolescents. 3, 4 Most osteosarcomas are highly malignant and often metastasize, which leads to very poor prognosis. Although the survival rate has improved with the progress of chemotherapy and surgery, survival of patients with metastatic or recurrent osteosarcoma is still poor, with the overall survival being less than 20%. 5, 6 Metastatic tumors are often resistant to conventional chemotherapy. Therefore, a deeper understanding of osteosarcoma pathogenesis and identification of new anticancer agents is needed to advance osteosarcoma treatment.
The Wnt/β-catenin signaling pathway is a highly conserved pathway that controls embryonic development and tissue homeostasis. 7, 8 Studies have shown that abnormalities in the Wnt/β-catenin signaling pathway are involved in a variety of human diseases, including congenital malformations, cancer, and osteoporosis. 9, 10 In the canonical Wnt/β-catenin signaling pathway, absent Wnt ligands, cytoplasmic β-catenin proteins are continuously phosphorylated and degraded by a destruction complex composed of the scaffolding protein axin, the adenomatous polyposis coli gene product, glycogen synthase kinase 3, and casein kinase 1. When a Wnt ligand binds to its transmembrane receptor frizzled and its co-receptor low-density lipoprotein receptor-related protein 5/6 (LRP5/6), recruitment of the scaffolding protein disheveled ensues, resulting in LRP5/6 phosphorylation and axin complex recruitment. These events lead to the reversal of axin-mediated βcatenin phosphorylation. 11, 12 Thus, unphosphorylated βcatenin accumulates in the cytoplasm and enters the nucleus to form a complex with the T-cell factor/lymphocyte enhancer factor (TCF/LEF) and activate Wnt target genes, such as C-Myc, cyclin D1, and matrix metalloproteinases (MMPs). 13 E-cadherin plays an important role in maintaining cell adhesion and polarity, and its expression in various tumor cells is reduced. Promoting recovery of E-cadherin expression will help inhibit tumor activity. Previous studies have shown that aberrant Wnt/β-catenin signaling is associated with the occurrence and development of osteosarcoma. [14] [15] [16] Therefore, developing novel drugs against the Wnt/β-catenin signaling pathway and that upregulate E-cadherin may effectively treat osteosarcoma.
Ganoderma lucidum is an edible fungus that has fewer side effects and has been widely used as a traditional Chinese medicine for a long time. Recently, its antitumor effects have attracted considerable attention and include growth inhibition of multiple tumor cell lines, enhancing cellular immunity, improving health, reducing fatigue and anxiety, and exerting cytotoxic effects on a variety of cancer cells, including cell lines from colorectal, prostate, and lung cancers. [17] [18] [19] [20] Although G lucidum has different growth inhibitory effects on various cancer cell lines, the molecular mechanisms of its anticancer activity have not been elucidated. Because G lucidum has inhibitory effects on osteoclasts, it can potentially reduce the osteolytic effects caused by osteosarcoma. It also contains minerals such as potassium, calcium, phosphorus, magnesium, selenium, iron, and zinc, which can supplement trace element deficiency caused by osteosarcoma. 21 There has been little research on the effects of G lucidum on osteosarcoma, and its mechanism of action remains unclear. Therefore, we chose to investigate the potential of G lucidum to treat osteosarcoma. In the present study, we evaluate its antitumor effects and relevant molecular mechanisms in 2 osteosarcoma cell lines. Our results suggest that G lucidum suppresses the growth of osteosarcoma cell lines through inhibition of the Wnt/βcatenin signaling pathway.
Materials and Methods

Ganoderma lucidum Preparation
A crude powder of G lucidum (Sigma, Carlsbad, CA; 400 mg) was dissolved in 8 mL double-distilled water (ddH 2 O). After vortexing, the mixture was stirred at room temperature for 2 hours and centrifuged (10 000 rpm) for 5 minutes to remove the insoluble materials. Then 32 mL 99% ethanol was added to the supernatant, to make a final ethanol concentration of 80%, and the solution was incubated at 4°C for 24 hours and centrifuged for 5 minutes (3000 rpm), then the brown precipitate was collected and dissolved in 8 mL ddH 2 O. The resulting solution was concentrated to about 3 to 4 mL, using a rotary evaporator (EYELA N-1100), and freeze-dried (Four-Ring Science Co) to obtain 154 mg of a dark brown powder. The samples were dissolved in 8 mL ddH 2 O, dialyzed (Spectrums) to remove excess salt, concentrated, and freeze-dried to obtain 112 mg G lucidum powder. A stock solution was prepared by dissolving treated G lucidum in ddH 2 O to a final concentration of 50 mg/mL and stored at 4°C.
Cell Lines and Cell Culture
Human osteosarcoma MG63 and U2-OS cell lines were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and cultured in RPMI 1640 medium (Gibco, Grand Island, NY) containing 10% (v/v) fetal bovine serum (Gibco) and 1% (v/v) penicillin-streptomycin solution (Hyclone, Logan, UT). Cells were cultured in a humidified incubator, containing 5% CO 2 , at 37°C. Cells were incubated in medium containing dimethyl sulfoxide at a final concentration of less than 0.1%.
Cell Counting Kit-8 Proliferation Assay
MG63 and U2-OS cells were inoculated in a 96-well dish at a density of 8 × 10 3 (MG63) or 5 × 10 3 (U2-OS) cells/well and incubated for 24 hours. Then, cells were treated with G lucidum at varying doses (0, 50, 100, 200, and 400 µg/mL) for 24, 48, and 72 hours. Thereafter, cell viability was assayed by a Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) according to the manufacturer's instructions, and absorption at 450 nm was measured using a microplate reader (Thermo Scientific, Waltham, MA). Cell viability
Colony Formation Assay
One hundred MG63 or U2-OS cells was inoculated in 6-well plates and incubated overnight, then cells were treated with 0, 100, or 200 µg/mL G lucidum and cultured for 12 days, during which the medium containing the corresponding concentrations of G lucidum was refreshed every 2 days. On day 12, colonies were fixed with 4% paraformaldehyde for 20 minutes and stained with 0.5% crystal violet for 15 minutes. Colonies with more than 50 cells were scored, and the number of clones was counted in triplicate wells.
Apoptosis Analysis by Flow Cytometry
MG63 and U2-OS cells were, respectively, inoculated into 12-well plates, allowed to attach overnight, and then exposed to 0, 100, or 200 µg/mL G lucidum for 24 hours. Subsequently, the cells were collected and resuspended in 400 µL of 1 × binding buffer. Then 100 µL cell suspension was placed in a 5 mL flow tube, 5 µL Annexin V/Alexa Fluor647 (Beijing 4A Biotech Co, Beijing, China) was added, and the mixture was incubated at room temperature for 5 minutes in the dark. Thereafter, 10 µL propidium iodide and 400 µL phosphate-buffered saline (PBS) were added. The fluorescence intensity of the cells was analyzed immediately using a BD AccuriTM C6 (BD Biosciences, Franklin Lakes, NJ) flow cytometer.
Wound Healing Scratch Test
MG63 and U2-OS cells were inoculated into a 6-well plate and incubated for 24 hours. A 200-µL pipette tip was used for scratching, then the medium was discarded and cells were rinsed twice with PBS. Subsequently, cells were treated with 0, 100, and 200 µg/mL G lucidum, in medium containing 2% fetal bovine serum to eliminate the possible influence of cell proliferation. The migration of cells in each group was observed and photographed under an inverted fluorescence microscope over the ensuing 24 and 48 hours. Image J software was used to measure the scratch areas, and the migration of osteosarcoma cells was expressed as the ratio of the distance moved
Transwell Invasion Assay
MG63 and U2-OS cells were starved in serum-free medium for 24 hours, then resuspended in serum-free medium containing 0, 100, or 200 µg/mL G lucidum, and the cell density adjusted to 3 × 10 6 cells/mL. Then, 100 µL cell suspension was added into the upper chamber of a Transwell precoated with Matrigel (BD Biosciences), while the lower chamber was filled with 500 µL of medium containing 20% fetal bovine serum as the chemoattractant. After incubation for 24 hours, the noninvaded cells of the upper chamber were carefully removed with sterile swabs, and invaded cells were fixed with 4% paraformaldehyde for 20 minutes and stained with 0.5% crystal violet for 15 minutes, then rinsed thrice with PBS. Using an inverted microscope, 5 fields were randomly selected for each group, and the numbers of cells that migrated through the Matrigel were counted under high magnification (200×).
Dual-Luciferase Assay
MG63 and U2-OS cells were, respectively, inoculated in a 96-well plate (5 × 10 3 cells/well) and incubated for 24 hours, then transfected with 200 ng TOP-Flash/FOP-Flash (Millipore, Burlington, MA), and 20 ng pRL-TK vector expressing Renilla luciferase (Promega, Madison, WI), following the recommended protocol using Lipofectamine 3000 (Thermo Scientific), for another 24 hours. Subsequently, cells were divided into 2 groups: G lucidum (0, 100, or 200 µg/mL for 24 hours) or CHIR-99021 (inhibitor of GSK-3α/β, Selleck, Houston, TX) + G lucidum (cells were pretreated with 10 µm CHIR-99021 for 24 hours to activate the Wnt/β-catenin signaling pathway), and OD values of the TOP flash and FOP flash were detected by a dualluciferase reporter assay system (Promega) from cell lysates. Activity of the Wnt/β-catenin signaling pathway was reflected by the TOP/FOP ratio.
Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR)
For PCR analysis, MG63 and U2-OS cells were treated with 0, 100, and 200 µg/mL G lucidum for 24 hours. Total RNA was extracted with an RNA extraction kit (TaKaRa, Shiga, Japan) according to the manufacturer's instructions, and total RNA concentration was determined with a SmartSpec Plus spectrophotometer (BIO-RAD, Hercules, CA). Firststrand cDNA was synthesized using PrimeScript RT Master Mix (TaKaRa) from 1 µg total RNA in a 20 µL total reaction volume. QRT-PCR was performed with SYBR Premix Ex TaqTM (TaKaRa) using a CFX96 QPCR Detection System (BIO-RAD) in a total reaction volume of 25 µL. Primer sequences are listed in Table 1 . Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the internal control, and relative gene expression levels were calculated by means of the 2-ΔΔCt method. Each experiment was performed at least 3 times independently.
Western Blot Analysis
MG63 and U2-OS cells were treated with 0, 100, and 200 µg/mL G lucidum for 24 hours. Total protein was extracted with RIPA lysis buffer (Beyotime, Shanghai, China) containing 1% (v/v) protease inhibitor cocktail (Bimake, Houston, TX) according to the manufacturer's protocol.
Protein concentration was detected using a BCA Kit (Beyotime). All samples were mixed with 5 × sodium dodecyl sulfate (SDS) loading buffer (1:4), boiled for 10 minutes, and stored at −80°C for later use. Equal amounts of protein were separated on SDS-PAGE gels (8% to 10% separation gel) and transferred onto polyvinylidene fluoride membranes (Millipore). After blocking in 5% nonfat milk for 1 hour at room temperature, membranes were incubated with corresponding rabbit primary antibodies overnight at 4°C. Antibodies included rabbit anti-LRP5, rabbit anti-active βcatenin, rabbit anti-β-catenin, rabbit anti-C-Myc, rabbit anticyclin D1, rabbit anti-MMP-2, rabbit anti-MMP-9, rabbit anti-E-cadherin (1:1000, Cell Signaling Technology, Danvers, MA), and rabbit anti-GAPDH (1:1000, Panera, Guangzhou, China). GAPDH was used as the internal control for total protein. Secondary antibody used was horseradish peroxidase-conjugated goat anti-rabbit IgG (1:10000, Jackson, West Grove, PA). Protein bands were visualized using an enhanced chemiluminescence reagent (Thermo Scientific), imaged with Bio-Rad ChemiDoc-XRS+ (BIO-RAD), and analyzed using Image Lab software (BIO-RAD).
Statistical Analysis
Data are presented as the means ± standard deviation (SD) of 3 independent experiments and were analyzed with SPSS 19.0 software (SPSS Inc, Chicago, IL). Statistical analysis was calculated using Student's 2-tailed t test, or 1-way or 2-way analysis of variance. A P value <.05 was considered statistically significant.
Results
Ganoderma lucidum Inhibits Cell Proliferation and Induces Apoptosis of MG63 and U2-OS Cells
To investigate the effectiveness of G lucidum on osteosarcoma MG63 and U2-OS cell proliferation, we assayed cell proliferation using CCK-8. G lucidum inhibited the proliferation of both cell lines in a concentration-and timedependent manner ( Figure 1A and B ; P < .05). The IC 50 of G lucidum for MG63 and U2-OS cell lines was 193.15 µg/mL and 152.83 µg/mL, respectively, after 48 hours of treatment. Examination of colony formation, in the presence and absence of G lucidum, indicated that the cloning efficiency of MG63 and U2-OS cells was significantly decreased with treatment of G lucidum ( Figure 1C and D; P < .01).
We further tested the effect of G lucidum on cell apoptosis by using flow cytometry to measure staining with Annexin V and propidium iodide. Treatment with 100 and 200 µg/mL G lucidum for 24 hours clearly increased apoptosis in both the MG63 and U2-OS cell lines ( Figure 1E and F; P < .05). In addition, we monitored the expression levels of the apoptosis-related genes Bax, Bad, caspase-3, and caspase-9 by QRT-PCR. As shown in Figure 1G and H, there was a significant increase in the expression of apoptosis-related genes. In sum, the abovementioned results demonstrate that G lucidum induced MG63 and U2-OS cell apoptosis by upregulating proapoptotic genes.
Ganoderma lucidum Suppresses Migration and Invasion of MG63 and U2-OS Cells
To characterize the effect of G lucidum on cell migration and invasion, we performed a scratch wound healing test and Transwell invasion assay with both MG63 and U2-OS cells. As shown in Figure 2A , B, C, and D, 100 or 200 µg/mL G lucidum decreased the migration of both cell lines compared with untreated cells when measured following 48 hours of culture (P < .05). Consistent with the wound healing scratch test, the results of Transwell invasion assays showed that after treatment with G lucidum, the ability of cells to invade the substratum of the membrane through Matrigel was clearly decreased (Figure 2E and F; P < .01). 
Ganoderma lucidum Inhibits the Wnt/β-Catenin Signaling Pathway in MG63 and U2-OS Cells
Previous studies have confirmed that abnormal Wnt/βcatenin signaling is involved in the occurrence and development of osteosarcoma. To study whether G lucidum alters the Wnt/β-catenin signaling pathway, we carried out a dual-luciferase reporter assay that depended on the activity of TCF/LEF, a transcription factor downstream of and activated by the Wnt/β-catenin pathway. G lucidum treatment dose-dependently blocked Wnt/β-catenin signaling without the GSK-3β inhibitor CHIR-99021 ( Figure 3A and B ; P < .05). Following pretreatment with 10 µM CHIR-99021 for 24 hours, the TOP/FOP flash ratio first increased but again was reduced dose-dependently after G lucidum treatment (P < .05). These results from luciferase reporter assays suggest that G lucidum treatment inhibits Wnt/β-catenin signaling.
To further confirm the targeting of Wnt/β-catenin signaling by G lucidum, we performed PCR and western blotting for components and downstream targets of the Wnt/βcatenin signaling pathway. PCR showed that G lucidum treatment significantly downregulated mRNA levels of Wnt/β-catenin pathway target genes, including LRP5, βcatenin, cyclin D1, C-Myc, MMP-2, and MMP-9 ( Figure  3C and D; P < .05). In accordance with the PCR results, after treatment with G lucidum, the expression of corresponding proteins was reduced ( Figure 3E , F, G, and H; P < .05). Here, we noticed that treatment with G lucidum was associated with a marked reduction in the level of total βcatenin, as well as the active form of β-catenin (dephosphorylated at Ser33, Ser37, and Thr41). These results indicate that G lucidum may block Wnt/β-catenin signaling by inhibiting LRP5 and other related genes. In contrast, we found that G lucidum upregulated E-cadherin, as confirmed by PCR and western blotting (Figure 3I , J, and K, P < .05).
Discussion
The current study reports that G lucidum exerts antitumor properties on osteosarcoma cells in vitro. Zhang previously found that G lucidum inhibits breast cancer cell growth and migration by suppressing Wnt/β-catenin signaling. 22 Lin and Hsu indicated that recombinant Ling Zhi-8, originally derived from G lucidum, suppresses lung cancer through disruption of focal adhesions and induction of MDM2mediated Slug degradation. 23 Suarez-Arroyo et al reported that G lucidum inhibits breast cancer via downregulating the PI3K/AKT/mTOR pathway, 24 and Yang et al demonstrated that G lucidum plays an antitumor role in acute leukemia cells by blocking the MAPK pathway. 25 Here, we extend these studies to show that G lucidum treatment of osteosarcoma cells results in inhibition of Wnt/β-catenin signaling.
CCK-8 and colony formation assays, for assessing the effect of G lucidum on osteosarcoma cell line viability and proliferation, showed that G lucidum suppresses the proliferation of MG63 and U2-OS cells in a time-and concentration-dependent manner, and reduces the ability of cells to colonize. PCR showed that G lucidum upregulates the expression of proapoptotic genes, and flow cytometry analysis showed that apoptosis of MG63 and U2-OS cells is increased after treatment with G lucidum. Cell migration is the basis of a variety of biological behaviors, including angiogenesis, wound healing, inflammation, and cancer metastasis. 26 We show that G lucidum decreases the migration and invasion of both cell lines and conclude that G lucidum inhibits the proliferation, migration, and invasion, and induces apoptosis of osteosarcoma cells.
Aberrant Wnt/β-catenin signaling is closely related to the formation, metastasis, and apoptosis of numerous types of cancers, with upregulation of Wnt/β-catenin signaling being observed in osteosarcoma. 27, 28 In this study, dualluciferase reporter assays showed that G lucidum treatment blocks CHIR-99021-activated Wnt/β-catenin signaling. This is further supported by our demonstration that transcription of Wnt target genes, such as LRP5, β-catenin, cyclin D1, C-Myc, MMP-2, and MMP-9, associated with Wnt/β-catenin signaling, is inhibited when osteosarcoma cells are treated with G lucidum.
Previous studies have shown in clinical samples that LRP5 is upregulated in osteosarcoma relative to normal tissue, and expression of LRP5 correlates with metastatic disease and poor disease-free survival, making LRP5 a potential therapeutic target for osteosarcoma. 29, 30 β-catenin itself is a key target in the Wnt/β-catenin signaling pathway, and the expression of β-catenin in osteosarcoma is significantly increased. When β-catenin translocates into the nucleus from the cytoplasm, it activates expression of its downstream target genes, which include cyclin D1, C-Myc, and MMPs. 31 C-Myc is one of the major protooncogenes and plays an important role in regulating the activation, transcription, and inhibition of gene expression. 32 It has been reported that suppression of the C-Myc oncogene induces aging and apoptosis of several tumor cell types, including osteosarcoma. 33 Cyclin D1 is an important cell cycle G1 phase regulator and accelerates G1/S phase transition. 34 Excessive expression of cyclin D1 can shorten the cell cycle and promote rapid cell proliferation in diverse tumor types. 35 MMP-2 and MMP-9 are stromelysins that have the ability to degrade extracellular matrix components, a crucial feature for tumor angiogenesis and invasion. 36, 37 This suggests that Wnt/β-catenin target genes play a key role in the progression of osteosarcoma, and that blocking these signal nodes may have a dramatic therapeutic effect.
Subsequently, we detected the expression of mRNA and protein of Wnt/β-catenin signaling-related target genes by PCR and western blotting. In both cell lines, G lucidum inhibited the expression of these proteins and genes. These results further demonstrate that G lucidum inhibits Wnt/βcatenin signaling by targeting LRP5, β-catenin, C-Myc, cyclin D1, MMP-2, and MMP-9.
E-cadherin is a transmembrane glycoprotein widely expressed in epithelial cells and mediates adhesion between epithelial cells and stromal cells. Deletion or loss of E-cadherin expression leads to loss or weakening of adhesion between tumor cells, enabling tumor cells to move more easily, and then make the tumor infiltrate, diffuse, and metastasize. 38 In this study, we found that G lucidum can upregulate E-cadherin, thereby countering the Wnt/βcatenin-mediated phenotype of osteosarcoma cells.
Conclusions
In conclusion, we describe the molecular mechanisms by which G lucidum exerts antitumor activity on osteosarcoma cell lines. Our results indicate that G lucidum blocks osteosarcoma Wnt/β-catenin signaling and ultimately leads to the decrease of osteosarcoma cell activity. Taken together, our findings suggest that G lucidum, as a natural product with few side effects, may be a useful and effective therapeutic agent for the treatment of osteosarcoma.
